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Cerebrospinal fluidAbstract Aim: The aim of our study was to assess the value of cerebrospinal fluid flow rates mea-
sured by phase-contrast MR in cases of normal pressure hydrocephalus (NPH) and to differentiate
it from brain atrophy.
Material and methods: A total of 26 participants were enrolled into this study, consisting of 15
patients considered to have NPH, 6 patients with atrophic dilatation of the ventricular system
not proportional with cerebral sulci, and 5 control cases. All cases were studied using 1.5 T MRI
scanner between January 2012 and June 2014.
Results: In NPH patients with high stroke volume, we reported marked elevation of the systolic
peak and mean velocity as well as stroke volume in comparison with healthy volunteers, indicating
a hyperdynamic CSF circulation.
On the other hand we studied six patients with involutional brain changes who were found to have
non-statically significant lower systolic peak velocity, systolic mean velocity and stroke volume val-
ues in comparison with healthy volunteers indicating a hypodynamic CSF circulation and a diag-
nosis of atrophy.
Conclusion: The mean CSF flow rate may be useful in the diagnosis and differential diagnosis, and
the prediction of the potential benefits of surgical intervention for patients considered to have NPH.
 2016 The Egyptian Society of Radiology and Nuclear Medicine. Production and hosting by Elsevier.
This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-
nd/4.0/).
Fig. 1 Pie chart showing sex distribution of patients.
Fig. 2 Pie chart showing age distribution of patients.
Fig. 3 Pie chart showing patients distribution by diagnosis.
Table 1 An overview of the measured and calculated param-
eters of the aqueductal CSF flow in normal volunteers.
Parameters 1 2 3 4 5
End diastolic peak velocity
(cm/s)
0.37 1.68 1.91 4.02 2.36
Systolic peak velocity (cm/s) 0.69 2.54 2.41 3.24 2.49
Systolic mean velocity (cm/
s)
0.35 1.455 1.50 1.346 1.251
Time of CSF peak systole
(mm/s)
218 190 258 339 214
Onset of CSF systole (mm/
s)
125 120 120 120 577
End of CSF systole (mm/s) 270 440 480 450 299
Duration of CSF systole
(mm/s)
145 320 360 330 363
Aqueductal area (mm) 0.053 0.054 0.055 0.051 0.125
Mean systolic flux (ml/s) 0.018 0.885 0.087 0.08 0.066
Systolic stroke volume (ll/s) 26 28.3 32 26 24
1000 M.I. Yousef et al.1. Introduction
The term hydrocephalus is derived from the Greek words
‘‘hydro” meaning water and ‘‘cephalus” mean head, and once
was called water on the brain, hydrocephalus is the conditionTable 2 An overview of the measured and calculated parameters
volume.
Parameters 1 2 3
End diastolic peak velocity (cm/s) 4.31 3.86 3.85
Systolic peak velocity (cm/s) 4.27 4.27 4.79
Systolic mean velocity (cm/s) 1.91 2.473 12.94
Time of CSF peak systole (mm/s) 225 305 401
Onset of CSF systole (mm/s) 149 200 260
End of CSF systole (mm/s) 449 520 640
Duration of CSF systole (mm/s) 300 350 380
Aqueductal area (mm) 1.58 0.124 0.148
Mean systolic flux (ml/s) 0.304 0.332 0.304
Systolic stroke volume (ll/s) 91 106 116caused by the accumulation of abnormally large amount of
cerebrospinal fluid in the ventricular system (1).
Normal flow and absorption through the subarachnoid
space is dependent on proper CSF pressure in the head (called
intracranial pressure). In man, the normal pressure of CSF as
measured in the recumbent position by lumbar puncture varies
from 25 to 70 mm water in infants and from 65 to 195 mm
water in adults. A buildup of CSF often causes a dangerous
increase in pressure. The combination of CSF build up and
the subsequent increase in intracranial pressure can stress
brain tissue and can cause the characteristic symptoms of
hydrocephalus, though they also may occur with normal
pressure (2).
Normal pressure also termed idiopathic hydrocephalus
consists of the clinical triad of gait incoordination, dementia
and urinary incontinence in a patient who radiographically
has dilated ventricles out of proportion to any sulcal enlarge-
ment (3).
The parts of the central nervous system are often considered
static structures. In fact, there is motion of the brain and
spinal cord as well as considerable motion of the CSF. CSF
flow takes place in a relatively orderly fashion within the
skull and spinal canal with oscillatory motion resulting from
cardiac pulsations. Cardiac systole results in a pressure wave
transmitted to intracranial arteries and capillaries that causeof aqueductal CSF flow in NPH patients with very high stroke
4 5 6 7 8 9
2.74 2.68 1.48 3.51 2.82 2.72
6.97 3.87 2.26 5.32 3.78 4.42
3.918 2.09 1.264 6.34 5.54 6.76
351 307 296 505 440 385
175 160 162 180 170 135
550 620 592 510 550 620
375 460 430 330 380 485
0.117 0.098 0.155 0.198 1.231 1.553
0.489 0.206 0.275 0.339 0.335 0.195
183 94 118 112 135 95
Table 3 An overview of the measured and calculated param-
eters of aqueductal CSF flow in NPH patients with high stroke
volume.
Parameters 1 2 3 4 5 6
End diastolic peak
velocity (cm/s)
1.92 0.87 3.70 2.98 2.84 3.10
Systolic peak
velocity (cm/s)
3.28 2.19 3.92 2.85 3.34 2.82
Systolic mean
velocity (cm/s)
1.61 1.24 2.42 1.62 1.443 1.71
Time of CSF peak
systole (mm/s)
375 214 853 467 402 215
Onset of CSF
systole (mm/s)
200 90 540 320 129 95
End of CSF systole
(mm/s)
700 370 1090 1020 503 365
Duration of CSF
systole (mm/s)
500 280 550 700 374 280
Aqueductal area
(mm)
0.091 0.270 0.066 0.055 0.124 0.187
Mean systolic flux
(ml/s)
0.14 0.228 0.149 0.103 0.2285 0.198
Systolic stroke
volume (ll/s)
70 63 82 72 84.4 55.4
Table 4 An overview of the measured and calculated param-
eters of aqueductal CSF flow in patients with involutional brain
changes.
Parameters 1 2 3 4 5 6
End diastolic peak
velocity (cm/s)
0.54 2.37 2.36 4.02 3.21 2.12
Systolic peak
velocity (cm/s)
0.47 1.38 2.49 3.24 1.96 1.51
Systolic mean
velocity (cm/s)
0.52 0.76 1.25 1.34 1.12 0.94
Time of CSF peak
systole (mm/s)
244 551 342 339 345 420
Onset of CSF
systole (mm/s)
140 320 215 220 180 230
End of CSF systole
(mm/s)
435 860 575 450 530 620
Duration of CSF
systole (mm/s)
295 540 360 230 350 390
Aqueductal area
(mm)
1.44 0.056 0.052 0.051 0.042 0.054
Mean systolic flux
(ml/s)
0.036 0.038 0.065 0.081 0.051 0.041
Systolic stroke
volume (ll/s)
10.6 20 23 18.4 18 16.2
Table 5 Systolic peak velocity, systolic mean velocity and
systolic stroke volume parameters in patients with NPH.
Groups of NPH
patients
Systolic peak
velocity (cm/s)
Systolic
mean
velocity (cm/s)
Systolic
stroke
volume (ll/s)
NPH patients
with very high
stroke volume
4.27 1.91 91
4.27 2.473 106
4.79 12.94 116
6.97 3.918 183
3.87 2.09 94
2.26 1.264 118
5.32 6.34 112
3.78 5.54 135
4.42 6.76 95
NPH patients
with high stroke
volume
3.28 0.14 70
2.19 0.228 55.4
3.92 0.149 63
2.85 0.103 82
3.34 0.2285 72
2.82 0.198 84.4
Use of cerebrospinal fluid flow rates 1001caudal flow of CSF (CSF systole) through the ventricular
system, basal cisterns and foramen magnum into the cervical
subarachnoid space. Following cardiac diastole, there is
reversal of flow with cephalad movement of CSF (4).
The phase contrast technique is extremely sensitive even to
slow flow and provides the potential for noninvasive flow
quantification. The results of these measurements have yielded
considerable information on the physiology of the normal CSF
circulation and were applied and analyzed in pathological
conditions such as aqueductal stenosis, Chiari malformation
and normal pressure hydrocephalus (5).
2. Subjects and methods
The study enrolled 26 patients, including 21 patients with over-
lapping symptoms of normal pressure hydrocephalus and
involutional brain changes (14 men and 7 women, age range
49–72 years, mean age 66.13), and 5 healthy volunteers (4
men and 1 woman; age range, 33–52 years; mean age, 41.8)
without any clinical symptoms and normal imaging findings.
All these patients were studied in the period between January
2012 and June 2014, and these were investigated retrospec-
tively. In 9 of the 15 patients who were determined to have
NPH, ventriculo-peritoneal shunts (VPS) were placed, and
follow-ups of their clinical condition were done during the
post-operative period.
The study was approved by the medical ethics committee of
Cairo University.
3. MR imaging
The study was conducted using one MRI machine (Philips
Achieva 1.5 Tesla SE). A circular polarized head-array coil
and ultra-gradients were chosen. First conventional magnetic
resonance imaging of the brain was Performed. Standard axialT1 WI (TR= 476  TE= 15/slice thickness = 5 mm/Num-
ber of acquisition = 2), axial and sagittal T2WI (TR =
3600  TE= 100/slice thickness = 5 mm/Number of acquisi-
tion = 2) and axial FLAIR (TR = 6420  TE= 100) images
were obtained before CSF flow measurements were made.
For phase-contrast MR imaging, a two-dimensional fast
low angle shot (FLASH) sequence from a commercially
available flow quantification package was used.
CSF flow dynamics were quantitatively studied by using a
cardiac gated (ECG being used for cardiac synchronization)
high resolution axial phase contrast protocol with an imaging
plane perpendicular to the proximal 1/3 of the cerebral
Fig. 4 Bar chart representing the relation between systolic peak
velocity and different groups (NPH with very high stroke volume,
NPH with high stroke volume, involutional brain changes and
control cases).
Fig. 5 Bar chart representing the relation between systolic stroke
volume and different groups (NPH with very high stroke volume,
NPH with high stroke volume, involutional brain changes and
control cases).
Fig. 6 Bar chart representing the relation between systolic mean
velocity and different groups (NPH with very high stroke volume,
NPH with high stroke volume, involutional brain changes and
control cases).
1002 M.I. Yousef et al.aqueduct. The direction of flow encoding was caudocranial
(from below upwards). The imaging parameters were TR=
22, TE = 9, flip angle = 15, Number of acquisitions = 2,
Field of view: 180 mm, Matrix: 256  512, Scan thickness:
4 mm, Cardiac frequency: 90 and Velocity encoding: 20 cm/s.
Phase contrast images were displayed on a gray scale,
where low signal intensity indicated caudal flow and the
bright signal intensity represented cranial flow. CSF flow
quantification was performed on those phase images using
the region of interest (ROI) measurements and a CSF flow
wave form was generated. Two radiologists (M. Ha, M. Ib)
with 8 and 5 years experience in CNS MR interpretation
respectively, have observed the MRI studies and analyzed
the obtained data.4. Post processing calculations
Following the acquisition of the CSF flow velocity curves in
cases of NPH and atrophy, the CSF hydrodynamics were
analyzed in terms of the end diastolic peak velocity, peak
systolic velocity and mean systolic velocity and flow. The mean
flow was calculated from the following equation: mean flow
(cm3/s) = mean velocity (cm/s)  area of ROI (cm2), where
the mean velocity was automatically determined from the
mean value of the measured velocities of each cardiac phase
and the area of ROI measured by the MR unit. Temporal
parameters evaluation involved determination of R–S interval
(onset of CSF systole), R-PS interval (time of CSF peak
systole), and duration of CSF systole.
Finally systolic stroke volume was calculated from the
following equation: systolic stroke volume = mean systolic
flow (flux)  duration of CSF systole.
5. Data analysis
Comparison of patients with healthy subjects: The mean and
standard deviation values were calculated for systolic peak
velocity, systolic mean velocity and systolic stroke volume in
the region of interest, those were compared with the normal
values, and those were tested by ANOVA and post Hoc tests
and also significance set at 0.05.
6. Results
The protocol of examination involves quantitative analysis of
CSF flow properties at the level of the aqueduct of Sylvius
and was applied to 5 healthy volunteers. We also examined
21 patients with clinical and conventional imaging findings
suggestive of NPH versus involutional brain changes. 9 of
the 15 (6 males, 3 females) patients with NPH underwent
VPS operations and all of these patients improved clinically
Use of cerebrospinal fluid flow rates 1003in the postoperative period. The contact with the other 7
patients is lost, and postoperative data could not be obtained.
Two types of results were obtained: descriptive and correlative.
6.1. Descriptive results and statistics
The descriptive results and statistics included the categoriza-
tion of our study population, as regards the sex, age and diag-
nosis, presented in pie charts (Figs. 1–3). For the systolic peak
velocity, systolic mean velocity and systolic stroke volume
parameters of CSF flow quantification (Tables 1–4), the mean
and standard deviation values were calculated in each studied
group (see Table 5).
6.2. Correlative statistics
The correlative study was aiming to determine the parameters
of quantification that presented statistically significant devia-
tion from the normal values in each patient’s group by means
of one way ANOVA followed by post hoc tests. Bar charts
summarizing these deviations were then obtained (Figs. 4–6).Fig. 7 52-year-old female from the control group. (A) Left: sagittal p
no abnormality. (B) Axial phase contrast image. (C) CSF flow waveform
CSF systole and a velocity above 0 indicates flow in the cranial directi
Stroke volume: 24 ll/s.7. Discussion
Magnetic resonance imaging has provided considerable infor-
mation regarding CSF dynamics. Over the past decade, MR
CSF evaluation has evolved from the visual qualitative tech-
nique (6).
During the last decade, flow sensitive cardiac gated phase
contrast MR imaging techniques have been increasingly
applied to study CSF dynamics both qualitatively and quanti-
tatively (7).
A major dilemma encountered when confronted with an
elderly patient presenting with symptoms of dementia, disori-
entation, gait disturbances, seizures and urinary incontinence,
is to decide whether this patient has shunt responsive NPH
versus atrophy. As mentioned before the clinical picture is
greatly overlapping and conventional neuroradiology may
not be accurate enough. Here comes a major application of
CSF flow studies.
Twenty-six participants were enrolled into this study,
including 21 cases with overlapping symptoms of normal pres-
sure hydrocephalus versus involutional brain changes and 5hase contrast images, right: midline sagittal T2 MRI brain showing
. A velocity below 0 indicates flow in the caudal direction, namely
on, namely CSF diastole. (D) CSF waveform corresponding table.
Fig. 8 71-year-old male patient with dementia, vertigo and occasional urinary incontinence. (A) Axial T2-WI reveals dilated ventricular
system and widened cortical sulci (central more than peripheral) with aqueductal flow void signal. (B) Axial phase contrast images, CSF
flow waveform and CSF waveform corresponding table. Stroke volume: 118 ll/s.
1004 M.I. Yousef et al.healthy volunteers. Quantitative analysis of the CSF flow
dynamics in the aqueduct of Sylvius was done.
In all healthy volunteers, the axial phase contrast images
revealed aqueductal cranial flow during CSF diastole (hyper-
intense signal) and caudal flow during CSF systole(hypointense signal). All other patients had similar axial phase
contrast images as the healthy volunteers.
The CSF waveforms generated were similar in healthy
volunteers and patients. The usual pattern was that of negative
systolic deflections and positive diastolic deflections.
Use of cerebrospinal fluid flow rates 1005In our study, in the control group, the mean systolic
velocity at the level of the aqueduct was around 1.18 cm/s
(±0.2) and the peak systolic velocity was around 2.27 cm/s
(±0.42) (see Fig. 7).
A relatively wide range of normal aqueductal CSF velocity
values measured by the cine-phase contrast MR technique
have been reported by several investigators. This may beFig. 9 52-year-old female patient with gait disturbance, confusion
ventricular system out of proportion to the widened cortical sulci with
normal cycle of CSF flow in both diastole and systole. (D) Axial p
corresponding table. Stroke volume: 84.4 ll/s.because different gradient strengths and parameters were used
by the different groups. Moreover, a large ROI that contains
the boundary brain tissue may underestimate the calculated
CSF velocity. For example, in Bhadelia’s (8) study on 17
healthy volunteers using cine phase contrast MR images with
the axial aqueduct technique, the calculated aqueductal CSF
velocities were 1.9, 0.3 and 0.93 cm/s for the maximal, minimaland headache. (A and B) Axial & coronal T2-WI reveals dilated
aqueductal flow void signal. (C) Sagittal phase contrast showing
hase contrast images, CSF flow waveform and CSF waveform
Fig. 9 (continued)
1006 M.I. Yousef et al.and mean systolic velocities respectively which were lower than
those of our study.
Nitz et al. (9) were able to assess CSF flow quantitatively
with phase contrast velocity MRI, and in a study on three
healthy subjects and 19 patients with known or suspected
disorders of the CSF circulation, they reported that the mean
systolic velocity of CSF at the level of the aqueduct averaged
2.15 cm/s and that the maximal systolic velocity was less than
5.2 cm/s in healthy volunteers. Katayama et al. (10) reported
that the mean velocity of CSF at the level of the aqueduct
was 4.66 cm/s and that the maximal velocity was less than
9 cm/s in healthy volunteers. Those results are higher than
those of our study.
Schroeder et al. (7) in a study on fourteen healthy volun-
teers reported that the calculated mean systolic velocity ranged
between 1.61 and 4.80 cm/s with a mean value of 3.07 cm/s
(±1.09) and that the peak systolic velocity ranged between
2.59 and 8.63 cm/s with a mean value of 5.56 cm/s (±1.87).
Those results are not that close to our study at which
calculated mean systolic velocity ranged between 0.35 and1.50 cm/s with a mean value of 1.18 cm/s (±0.47) and
that the peak systolic velocity ranged between 0.69 and
3.24 cm/s with a mean value of 2.27 cm/s (±0.94). However,
the obtained systolic stroke volume in our study of 27.2
(±3) ll for the aqueductal systolic stroke volume in healthy
volunteers is very close to that of Schroeder et al. (7) study
who reported a stroke volume of 28 ll in normal
individuals.
In NPH patients with very high stroke volume, we reported
marked elevation of the systolic peak and mean velocity as well
as stroke volume in comparison with healthy volunteers,
indicating a hyperdynamic CSF circulation. The systolic peak
velocity had a mean value of 4.4 cm/s (±1.52) in NPH patients
compared to 2.27 cm/s (±0.94) in normal volunteers with a
statistical significance of 0.035. The stroke volume was also
higher in NPH patients (118) which was also statistically
significant (P value = 0.000). However, the systolic mean
velocity was around 4 cm/s (±4.4) in NPH patients compared
to 1.18 cm/s (±0.9) in normal individuals with non-statistical
significance of 0.254 (see Fig. 8).
Fig. 10 71-year-old male patient with dementia, drowsiness and disorientation. (A) Axial T2-WI reveals dilated ventricular system and
generalized dilatation of the cortical sulci and extra axial CSF spaces with no aqueductal flow void signal could be detected. (B) CSF flow
waveform. Stroke volume: 10.6 ll/s.
Use of cerebrospinal fluid flow rates 1007In NPH patients with less high stroke volume, we reported
elevation of the systolic peak and mean velocity as well as
stroke volume in comparison with healthy volunteers,
indicating a hyperdynamic CSF circulation. The systolic peak
velocity had a mean value of 3.11 cm/s (±0.64) in NPH
patients compared to 2.27 cm/s (±0.94) in normal volunteers
with non-statistical significance of 0.664. The systolic mean
velocity was around 1.66 cm/s (±0.44) in NPH patients
compared to 1.18 cm/s (±0.9) in normal individuals with also
non-statistical significance of 0.989. The stroke volume wasalso higher in NPH patients (74.2) which was statistically
significant (P value = 0.008) (see Fig. 9).
Our results correlate with previous studies done on NPH
patients. Bradley et al. (11) performed CSF velocity MR imag-
ing before ventriculo-peritoneal shunting on eighteen patients
with NPH. They reported that 12 of these patients had a
hyperdynamic circulation with a stroke volume ranging from
42 to 352 ll. Also all these 12 patients responded favorably
to CSF shunting so that the relationship between CSF stroke
volume greater than 42 ll and favorable response to shunting
1008 M.I. Yousef et al.was statistically significant (P< 0.05); so they found that this
technique was useful in selecting patients who will actually
benefit from shunting as the sensitivity of the aqueductal
stroke volume criteria was 80% and the specificity was 100%.
Bradley (12) also mentioned that the increased CSF stroke
volume is a more important predictor of shunt response than
the increased CSF flow void sign, since in one report of shunt
responsive NPH patients with elevated aqueductal CSF stroke
volume, the CSF flow void was increased in only 50% of the
conventional PD-weighted images that had been performed
with flow compensation. Hyperdynamic CSF flow is thus an
indirect, but easily measured sign of normal cerebral flow
and shunt responsive NPH.
In a study performed by Kim et al. (13) on 28 healthy
subjects and 11 patients with NPH, it is confirmed that the
peak CSF flow velocity and stroke volume in the aqueduct
are increased significantly in the NPH group.
On the other hand we studied six patients with involutional
brain changes who were found to have non-statically signifi-
cant lower systolic peak velocity, systolic mean velocity and
stroke volume values in comparison with healthy volunteers
indicating a hypodynamic CSF circulation and a diagnosis of
atrophy. Indeed, the peak systolic velocity had a mean value
of 1.89 cm/s (±1.2) compared to 2.27 cm/s (±0.94) in the
controls (p value = 0.960). The systolic mean velocity had a
mean value of 1.12 cm/s (±0.25) compared to 1.18 cm/s
(±0.47) which was also lower (p=1.000) and the stroke volume
as well 19.9 ll (±6.6) with a p value of 0.943 (see Fig. 10).
In a study done by Bradley et al. (11), the CSF velocity
profile done in a patient diagnosed with brain atrophy showed
clearly decreased maximal velocities with peak systolic velocity
of 1.5 cm/s.
Normal or reduced aqueductal CSF flow indicates that
cerebral blood flow is reduced, atrophy is present and there
is a decreased likelihood of shunt response. Indeed, in cerebral
atrophy, by comparison with normal pressure hydrocephalus,
blood flow to the brain is decreased; thus, peak velocity and
stroke volume are smaller and there is a reduced CSF flow
void. A grade of 0 CSF flow void signal was assigned to
patients without any signal void in the aqueduct, a feature
reported in patients with atrophy (11).
8. Conclusion
The mean CSF flow rate may be useful in the diagnosis and
differential diagnosis, and the prediction of the potentialbenefits of surgical intervention for patients considered to have
NPH.
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